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Abstract
The drilling of stacks made of carbon fibre composite material (CFRP) and metal (aluminium or titanium alloy) is an operation 
more and more common in aerospace industry. However, this critical machining operation is not yet fully controlled. The
knowledge of the cutting forces and the wear phenomenon is an important issue to assure a good quality of the hole.
The studies on the stack drilling usually do not break down the operations on both materials (CFRP and metallic alloy), which does
not allow a full understanding of the impact of each part of the stack on the behaviour of tool, especially regarding its wear.
Nevertheless, a study of the drilling of a single material does not lead us to the understanding of the stack drilling, because of the
influence of a piece toward another.
This study, firstly, discusses the drilling of each material of the stack, titanium alloy Ti6Al4V and CFRP, individually. The impact 
of the local wear is assessed by investigating the variation of the cutting forces along the cutting edge (the computation is made by 
the decomposition of the thrust force and the torque during the progressive engagement of the drill point).
Furthermore, this study explains the drilling of an alternation of titanium alloy and CFRP in order to model its effect on a stack, 
while allowing the analysis of the wear for each material.
© 2013 The Authors. Published by Elsevier B.V.
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1. Introduction
In aerospace applications, the hybrid structures made
of carbon fibre reinforced plastic (CFRP) and metal,
often Ti6Al4V or aluminium alloys, used in stacks are
more and more used. These stacks becomes widely used
because of their high performances in withstand high
stress and reducing weight [1-3]. In the hybrid structures 
made of two or more materials, each one works
independently or together, but the stack always provides
structural advantages compared to one material that it
replaces. This is the reason why the new structures of 
aeroplanes are made of more than 50% of CFRP in
mass, widely used in stack [4].
This study deals with the drilling of stack of 
Ti6Al4V/CFRP. Brinksmeimer [5] showed that
generated heat during Ti6Al4V drilling may damage
CFRP. While most of the studies consider only the stack 
[6-8], in this study, the objective is to highlight the
proper wear of each material, when drilled 
independently. This separation allows new
measurements and interpretation of the results.
CFRP drilling
König [9, 10] studied the relationship between hole 
quality parameters and thrust force and proposed the
delamination initiating at the exit-ply. This notion has
been completed by many other studies ever since, such 
as Tsao [11] who showed the importance of the chisel
thrust force on the exit delamination. Many other 
researches have been performed in this way [12-13].
CFRP is a highly abrasive material [14], due to the
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hardness of the carbon fibre. The orientation between the 
fibre and the cutting edge also influences the cutting 
forces, the surface integrity and the local tool wear [15]. 
Furthermore, the carbon fibre seems to be able to attack 
the cobalt binder of WC-Co drill, which is the softer part 
of the tool, accelerating crack propagation and tool wear 
[16]. 
 
Ti6Al4V drilling 
The tool wear mechanisms in Ti6Al4V drilling are 
totally different from those in CFRP. The low thermal 
conductivity and the high chemical affinity lead to 
catastrophic tool failure [17]. Chemical affinity may 
operate with the adhesion that occurs during the cutting 
of Ti6Al4V [18]. Tool wear is highly influenced by 
drilling parameters and drill geometry, increasing cutting 
speed or feed rate highly changes the tool lifetime [19]. 
2. Experimental procedures 
2.1. Workpiece materials 
The carbon fibre composite (CFRP) laminates 
provided by an aerospace company, were made of 
unidirectional ply of carbon fibre in an epoxy matrix 
with a 0.25 mm thickness. The CFRP thickness plate 
was around 20.7 mm. 
The titanium plate used is Ti6Al4V, with a 25.5 mm 
 
2.2. Drilling experiments 
A commercial drill (Seco  K20 type uncoated) 
recommended for titanium drilling was selected for this 
investigation. Main cutting tool parameters are listed in 
Table 1. 
Table 1. Drill geometry 
Wc drill (Grade K20)  
Drill diameter 12 mm 
Flute length 55 mm 
Point angle 140° 
Helix angle 30° 
Back taper 0.5 % 
 
Machining experiments were performed on a 3-axis 
CNC vertical drilling machine (DMG 85VL) with a 25 
kW spindle, maximal spindle speed of 18 000 rpm. The 
plate of CFRP was fixed in a vice and the Ti6Al4V one 
was clamped. The thrust force and torque were measured 
by a Kistler 9123 rotating dynamometer and monitored 
by an A/D board (NI 9188 and three NI 9215 cards, 
National Instrument, USA, with a data acquisition 
frequency of 50 kHz on each channel) and recorded on a 
personal computer using data acquisition software 
(Dasylab 11, NI, USA). The data was then operated with 
Matlab R2007b software. 
In order to investigate how each material impacts the 
drill wear, three experimental campaigns have been 
carried out; the first is a succession of 18 holes in the 
CFRP plate with the first drill (noted C1). The second is 
the same in Ti6Al4V with a second drill (noted C2). The 
last experimental campaign is the drilling of one hole in 
Ti6Al4V followed by one in CFRP and then one in 
h material 
with one drill (noted C3). 
Because of the differences between each material, the 
machining parameters changes for each one. A previous 
study of tool/material pair has been done to select 
suitable cutting parameters. The drilling cutting 
conditions are summarized in Table 2. 
Table 2. Cutting conditions 
Drill name C1 or C3 C2 or C3 
Material drilled CFRP Ti6Al4V 
Cutting speed (Vc) 100 m/min 10 m/min 
Spindle speed (N) 2652 rpm 265 rpm 
Feed (f) 0.05 mm/rev 0.2 mm/rev 
Cutting fluid Dry Dry 
2.3. Wear analysis 
The drill wear is measured by an optical microscope 
(with x20  x200 lens) to control the drill wear patterns. 
A profile sensor is used to compare the cutting edge 
geometry between each drilling operation. 
3. Results and discussion 
3.1. Drilling forces 
 
Fig. 1: Thrust force evolution for C2 and C3 drills in Ti6Al4V 
Fig 1 shows the thrust force comparison between C2 
and C3 drill versus the hole number in Ti6Al4V. As the 
number of holes increases, the thrust force rises 
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significantly for C3 drill (+95% after 18 holes for the
thrust force and +31% for the torque, as shown in Fig 4).
While the increase in the thrust force for C2 drill is not
so significant: +15% (or +215 N) for the thrust force and
less than 5% for the torque as shown in Fig 4.
Fig 2.: Drill tip C2 failure after the 15th hole
Fig 2 shows the kind of tip failure that always occurs
during the drilling of Ti6Al4V. Here on the 15th hole, 
due to high mechanical load in Ti6Al4V compared to
CFRP as shown in Fig 11 and Fig 14. Similar events are 
visible on Fig 1 and induce steps on thrust force.
Fig. 3: Thrust force evolution for C1 and C3 drills in CFRP
On the stack drilling, most of the wear is due to the
CFRP material, as underlined in Fig 1 and Fig 3.
Fig. 4: Evolution of the total torque 
These results suggest that the impact of the Ti6Al4V
machining is not really significant for the drilling forces,
for the first 18 holes. The comparison of the differences
between drilling CFRP and drilling CFRP and Ti6Al4V
plates alternately confirm that point, as showed in Fig 3.
3.2. Drill wear
Fig. 5: Edge profile of the drill C3 after drilling the 12th hole in CFRP
(after 12 holes in Ti6Al4V and 12 in CFRP)
Fig 5 presents the edge profile of C3 drill after
drilling 12 holes in Ti6Al4V and CFRP, the last hole
was in composite material. It is interesting to note that 
the Ti6Al4V adhesive layer does not disappear fully
during CFRP drilling.
Fig. 6: Edge profile of the drill C3 after drilling the 12th hole in CFRP 
(after 12 holes in Ti6Al4V and 12 in CFRP)
Fig 6 shows the presence of Ti6Al4V adhesion on the 
rake face. This build-up layer (BUL) could protect the 
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cutting edge during the drilling of CFRP, but the
evolution of the thrust forces on Fig 3 allows to conclude
that this layer of Ti6Al4V is quickly removed during the
drilling due to the highly abrasive action of the carbon 
fibre.
3.3. Local forces on the drill
In order to complete the understanding of the wear, a
study of the local forces along the main cutting edges
and margin has been done. In order to know the effect of 
each portion of the edge, thrust force and torque have
been decomposed during the introduction of the drill
point into the material. Fig 7 shows the variation of 
thrust forces and torque during the drilling of Ti6Al4V
plate. The study is focusing on the beginning of the
curve (in the red box of Fig 7), that is shown in Fig 8. 
Between two verticals lines, the edge is engaged by 0.5
mm more on the X direction. By subtraction of each
part, the distribution on various sub-division of the edge 
drill can be deduced.
A similar methodology has been used by Lazar [20]
to consider the forces on the chisel and the cutting edge.
Fig. 7: Thrust force and torque during the drilling of the 1st hole in
Ti6Al4V with drill C3
Fig. 8: Evolution of the thrust force and torque during the tip drill
insertion
To find the distribution of the local cutting force
along the main edge, the local torque is calculated like
the thrust force in order to determine the local cutting
forces. The cutting force is assumed to be constant on 
each edge segment. The application point of the
equivalent local force is calculated for each segment.
The choice for the 12th segment is the compromise
between the noise and the number of sub-divisions.
This methodology is used in this part to have a better 
understanding of the local wear and distribution of the 
local forces.
Ti6Al4V analysis
Fig. 9: Distribution of the thrust force along one cutting edge for the
drill C3 in Ti6Al4V
Fig 9 represents the local thrust forces on one lip of 
the drill C3 in Ti6Al4V for the holes # 1, 6 12 and 18
(between each holes in Ti6Al4V, the tool drilling
CFRP). The distribution of the forces along the cutting 
edge shows the importance of the drill web and the 
margin. The 2 mm web diameter centre of the drill is 
consuming more than 45% of the total thrust force. The 
second part of the drill that is particularly important is
the margin, the thrust force on this part tends to turn up 
the plate. A new information is that the more the tool is
worn, the higher the forces on the margin tend to turn up
the plate. According to the drill wear, Fig 9 shows a 
continuous increase + 3-5 N/subdivision/hole.
Fig. 10: Distribution of the thrust force along one cutting edge for the 
drill C2
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Fig 10 allows us to compare the drilling of the
alternating of materials with the drill C2 that cuts only
Ti6Al4V plate. On that drill, most of the variation on the
local thrust force is localised on the web. The forces on 
edge sub-divisions from 5 mm to 6 mm increase from 
the 14th hole, probably due to the tool tip failure (similar 
to Fig 2).
Fig. 11: Distribution of the cutting forces along one cutting edge for 
the drill C3 in Ti6Al4V
Fig 11 presents the evaluated cutting forces along the 
tool edge for the holes # 1, 6, 12 and 18. The very low 
variation on the web drill seems to show that there are
no wear on these edge sub-divisions. But the local forces
applied on the margin and on the tool tip increase a lot 
(more than 66% of the cutting force on the margin). The
failure of the corner on the 8th and 12th hole probably 
leads to a larger rise up of the forces.
As the total forces on the drill C2 presented in Fig 4
do not seem to be changing, the local cutting forces 
indicated on Fig 12 confirm the minor wear during the
Ti6Al4V drilling operation. The only cutting forces
increases are on the web drill and on the margin, but 
much less than for the C3 drill.
Fig. 12: Cutting force distribution along one cutting edge for C2 drill
CFRP analysis
The same analysis has been performed in the context 
of CFRP drilling. In Fig 13, the thrust force along the
cutting edge displays more scatter when compared to
Ti6Al4V, due to the material strong anisotropy. The ply
orientations on the beginning of the material are not 
equalised, resulting a variation on the local feed forces.
This methodology does not seem to be relevant for 
composite material if the first part of the CFRP is not 
quite isotropic.
The high level of the thrust force on the margin for 
the 1st hole is due to the important wear during the first 
hole drilling, resulting in an important torque evolution 
and a bad evaluation of the margin contribution.
Fig. 13: Distribution of the thrust force along the cutting edge for the 
drill C3 in CFRP
Fig 14 shows the cutting forces along the cutting
edge. This graph seems to be less impacted by the
evolution of the ply because of the averaging on one
rotation of the tool. While a half drill revolution, both 
cutting edges cut the fibres according to all the angle
configurations (0-180°).
The cutting forces repartition highlights the
significance of the chisel for the local pressure. Due to
lever arm effect, margin represents 20 to 25% of the 
total torque even if the local pressure seems to be low.
Fig. 14: Distribution of the cutting forces along one cutting edge for 
the drill C3 in CFRP
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The study of the evolution of the local cutting forces 
on CFRP is less representative than in Ti6Al4V drilling 
with that methodology because of the ply and their non-
homogeneous orientation. This analyse should be more 
representative in unidirectional composite. 
4. Conclusion 
It can be concluded from the present investigation 
that the major tool wear comes from the CFRP material. 
The wear generated by Ti6Al4V is mostly confined to 
cutting edge chipping on the drill corner. 
 
The adhesion of material during drilling metallic 
material (build-up layer) is not strong enough to protect 
the edge during the CFRP machining. But it could also 
weaken the drill by a chemical wear process [17]. 
 
The study of the drill forces and the study of the 
torque highlight that CFRP is the main factor for the drill 
wear. Moreover, this wear impacts all the edges for the 
thrust force. The pressure increases uniformly with the 
number of holes drilled all along the edges  
(+ 3-5 N/subdivision/hole). 
 
The distribution of the forces along the cutting edge 
denotes the importance of the chisel geometry for the 
total cutting forces. 
 
The thrust forces along the margin increase with the 
the margin could be considered for modelling the entry 
delamination. 
 
In a future research work, an investigation on the 
internal surface, linked with the tool wear and/or the 
forces evolutions will be performed. 
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